The xylem of alfalfa (Medicago sativa L.) was found to be susceptible to vascular obstruction by picomole quantities of dextrans. Not all parts of the xylem were equally susceptible to this plugging. The quantity ofdextran of 2 x 10' molecular weight required to stop vascular flow was 8 picomoles in petiole junctions and OA picomole in leaflet veins. Vascular Macromolecules in a plant's xylem are known to induce wilting (5). If large amounts of a big molecule enter the xylem, plugging will occur. Plant pathologists, however, have identified many macromolecules that induce wilt in plant cuttings within 2 h at concentrations as low as 50 ug/ml (6). It has been assumed that molecules in such low concentrations could not be merely plugging the vascular system and, as a result, they were classed as phytotoxins.
Macromolecules in a plant's xylem are known to induce wilting (5) . If large amounts of a big molecule enter the xylem, plugging will occur. Plant pathologists, however, have identified many macromolecules that induce wilt in plant cuttings within 2 h at concentrations as low as 50 ug/ml (6) . It has been assumed that molecules in such low concentrations could not be merely plugging the vascular system and, as a result, they were classed as phytotoxins.
Van Alfen and Turner showed that two of these large phytotoxins, produced respectively by Corynebacterium insidiosum (8) and Ceratocystis ulmi (9) , act by interfering with water conduction in the plant's vascular system and not by any direct toxicity to plant cells. The decrease in vascular conductance through stems of the wilted cuttings caused by these macromolecules was not large.
The flow of liquid through stems was reduced to about 20%o of its normal value (9) . Such a reduction in liquid flow conductance is not sufficient to cause wilt (2) . There was no question that the macromolecules had a significant effect on vascular conductance and it was assumed that their greatest effect on conductance was in locations other than in the stems.
The work reported in this paper was initiated to determine if different components of a plant's vascular system differ in susceptibility to plugging by small amounts of macromolecules.
MATERIALS AND METHODS
Nine-month-old DuPuits variety of alfalfa (Medicago sativa L.) grown in the greenhouse from seed was used in these studies.
Vascular conductance of stems and petioles as well as the petiole junction was determined using previously described methods (9) . To determine conductance of the vascular system to dextran solutions, the conductance of water through the system was first determined. This was followed by the dextran solution. As a 'Supported in part by National Science Foundation Grant PCM 77-08388. 2 Joumal paper 2306, Utah Agricultural Experiment Station.
control, the conductance of water followed by water rather than a dextran solution was determined. All dextran conductance data could then be expressed as a percentage of the conductance of water through the same section of the vascular system. The solutions used in these studies were prepared by dissolving dextrans obtained from Pharmacia Fine Chemicals in distilled H20. The water had previously been filtered through a 0.45-,um diameter filter (Millipore Corp.) and then degassed. The dextrans were normally used at a concentration of 800 ,ug/ml.
Conductance of water through alfalfa leaflets could not be determined using a volumetric method so a gravimetric method was employed. Cuts were made about one-fourth of the way into the leaflet, on each side of the leaflet, parallel to the midvein. This severed each of the branch veinlets near their visible ends. Water passing from the ends of these cut veins was collected on a preweighed piece of filter paper enclosed in a Parafilm envelope to prevent evaporation of water from the filter paper. The fiter paper-Parafilm envelope was attached to the leaflet and the water exuding from the severed veins was collected for a measured period of time. The filter paper-Parafilm envelope was then reweighed. Conductance was calculated as mg/min. This was converted to cm3/min by assuming that 1 g of the collected sap equals 1 cm3.
The rachis of the leaflet was attached to a Tygon tube full of water inside the pressure chamber (Fig. 1) . Tubing of the correct diameter was prepared by heating the tubing in boiling water and then stretching it to the desired diameter. The rachis was held in the tubing by pressure exerted from the silicone rubber grommet of the specimen holder of the pressure chamber (Soilmoisture Equipment Corp.).
RESULTS
The conductance of water through various components of the vascular system of alfalfa was determined (Table I ). As expected, the greatest resistance to flow occurs in the leaflet veins. The junction of the stem and petiole is also a region of high resistance to flow. The resistance of this junction was determined by measuring the flow through the stem and out the petiole. Since the conductances of isolated stems and petioles are roughly an order of magnitude greater than the conductance of the two together, the resistance to flow must occur at the petiole junction.
There was no significant difference in the vascular conductance of alfalfa stems varying in length from 2 to 10 cm. The variation in conductance between individual stems was evidently greater than the variation in conductance as a function of length.
The vascular conductance values obtained from stems and petioles were compared with estimations of theoretical flow rates.
The measured conductance value through stems was 62% of the theoretical value, but the measured rate through petioles was 150%1o Various components of the plant's vascular system were found to differ greatly in their susceptibility to plugging by a dextran (Fig. 2) . Four pmol of 2 x 106 mol wt dextran, when forced through alfalfa stems, reduced vascular conductance of stems to about 60% of the original conductance value. The same amount of dextran reduced flow to 40 and 25% of the value for water in petioles and petiole junctions, respectively, and totally stopped conductance through leaflets.
The amount of 2 x 106 mol wt dextran that stopped vascular conductance was found to be 0.4 pmol in leaflet veins and 8 pmol in petiole junctions (Fig. 3) . Conductance through stems 5 cm in length was reduced to 10 to 15% of the normal value of the dextran by 50 pmol of dextran, but no further reduction occurred even after 150 pmol of the dextran had passed through the stem.
To determine the effect of molecular size on plugging, 110 to 140 pmol of dextrans of various mol wt were forced individually through petiole junctions. Figure 4 shows that dextrans of 250,000 VAN mol wt or less had little effect on vascular conductance through the petiole junction. For dextrans larger than 250,000 mol wt, there was a direct relationship between the log of the mol wt of the molecule and its ability to plug.
To determine whether leaflet veins can be plugged by molecules smaller than those capable of plugging the petiole junction we passed dextran of 110,000 mol wt through leaflets. We found that half of the leaflets tested were not plugged by this dextran. In the other half, vascular conductance was reduced to 43.3 + 8.7% of the original conductance. 
DISCUSSION
The liquid flow conductance values for water that we report for various parts of the vascular system of alfalfa (Table I) Since Poiseuille's law assumes that a capillary is of uniform radius throughout its length we are not surprised that our experimental conductance values differ somewhat from the theoretical values. We would assume that experimental values should be less than theoretical ones because of the presence of pit membranes in the path of water through the vessels. We have no explanation for the fact that in petioles the measured value was greater than the theoretical value. This difference may just reflect the degree of error present in either measuring vascular conductance or measuring the diameter and numbers of conducting vessels.
It has generally been accepted that macromolecules can plug the vascular system of plants (4) . Until this report, however, there has been no attempt to determine how many macromolecules are needed to do it. The pmol quantities of dextrans that were found to stop vascular conductance (Fig. 3) are at a level of activity characteristic of plant hormones. This is unusual considering that the evidence is overwhelming (8, 9) that they act entirely by physical, not biochemical mechanisms. Our studies to date indicate that physical size as measured by mol wt is the most important characteristic for this activity (Fig. 4) .
The relative susceptibility to plugging by macromolecules of different parts of the vascular system of a plant appears to be related to the resistance to liquid flow conductance through that part of the vascular system (Table I and Fig. 2 ). It is likely that the macromolecules disrupt vascular flow by accumulating on pit membranes. The frequency of these pit membranes is probably one of the important factors affecting resistance to normal vascular conductance. Resistance to flow will be greater in areas where the path of water movement passes through many pit membranes Plant Physiol. Vol. 63, 1979 than in areas where the path encounters few pit membranes. We assume that frequency ofpit membrane occurrence is an important determinant of the relative susceptibility to plugging by macromolecules of different sections of the vascular system of plants. More research is needed to compare vascular anatomy of alfalfa with susceptibility to plugging by macromolecules.
Pit membranes are porous and contain a range of pore sizes (7) . Assuming that the site of macromolecule plugging is the pit membrane, its porous structure may explain our results with dextrans of different mol wt (Fig. 4) . Large molecules would be able to plug more of the range ofpore sizes than smaller molecules, thereby explaining the greater plugging activity oflarge molecules. Molecules smaller than the smallest pore size would pass freely through the pit membrane and have no plugging activity. The pores in the pit membranes of leaflets are probably very close in size to dextran molecules of 110,000 mol wt. This dextran had no effect on vascular conductance through half of the leaflets tested but reduced it by 43% through the other half.
The susceptibility of plants to vascular plugging by pmol quantities of macromolecules may have significance in the host-pathogen relations of wilt diseases. Vascular wilt pathogens are known to produce macromolecules within the vascular system of host plants (6) . These macromolecules have generally been considered to be phytotoxins. In many ways these macromolecules are analogous to phytotoxins. They cause the death of the plant and they may be an important factor in the virulence of vascular pathogens. Unlike phytotoxins, however, the only requirement for phytotoxic activity is their size. Since the macromolecules are not directly toxic to cells it is probably confusing to call them phytotoxins. The term phytoaggressin has been proposed by Graniti (3) for such molecules and we feel that it should be used in place of phytotoxin to describe the activity of these molecules.
LITERATURE CITED
